ABSTRACT: Y-chromosome short tandem repeat (Y-STR) markers are being used as potential tools for distinguishing low levels of male DNA in the presence of excess female DNA as is present in many sexual assault samples. Usually single copy Y-STR loci produce a single amplicon in single source samples, and thus the observation of multiple peaks at such a locus could suggest to an analyst that a mixture of more than one male contributor is present in the tested sample. However, many regions of the Y-chromosome are duplicated or even triplicated in some individuals and this fact can thus complicate potential mixture interpretation. Reasons for the presence of duplications at multiple loci within a single sample are explored in the context of Y-STR marker location along the chromosome. True male-male mixtures commonly exhibit more than one locus-specific PCR product across multiple Y-STR loci that are not adjacent to one another on the Y-chromosome. In addition, duplicated loci typically possess alleles that differ by only a single repeat unit and possess similar peak heights.
The Y-chromosome is specific to males and therefore useful in many sexual assault case situations where the perpetrator's DNA needs to be identified in the presence of the female victim's DNA (1) (2) (3) . A number of short tandem repeat (STR) markers have been identified on the Y-chromosome and developed into multiplexed polymerase chain reaction (PCR) assays that can help differentiate between unrelated males (4,5).
One of the potential uses of Y-STR testing is to aid in determining the number of contributors to an evidentiary sample in gang rape situations (2). These situations often result in mixed DNA profiles from the multiple gang rape assailants that need to be interpreted by examining the number of peaks observed per locus and relative peak heights if more than one peak is present. Most of the commonly used Y-STR markers are single-copy loci, with the notable exception of the polymorphic locus DYS385 (4). Thus, due to the fact that the Y-chromosome is without a fully homologous chromosome typically only a single PCR product is observed when amplifying a Y-STR marker with a single PCR primer pair. However, in conducting a recent population study (6) we found that over 1 Biotechnology Division, National Institute of Standards and Technology, Gaithersburg, MD 20899.
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Materials and Methods

DNA Samples
Anonymous liquid blood samples with self-identified ethnicities were purchased from Interstate Blood Bank (Memphis, TN) and Millennium Biotech, Inc. (Ft. Lauderdale, FL) in accordance with approval for use by the human subjects internal review board at the National Institute of Standards and Technology (NIST). These samples were previously extracted, quantified, and typed with 15 autosomal STRs using the AmpFlSTR R Identifiler TM kit (Applied Biosystems, Foster City, CA) to demonstrate that all samples are unique and single-source (7).
Y-STR Typing Reagents
The PowerPlex R Y kit from Promega Corporation (Madison, WI) was used to amplify the Y-STR loci DYS19, DYS385 a/b, DYS389I/II, DYS390, DYS391, DYS392, DYS393, DYS437, DYS438, and DYS439. PCR amplification was performed according to the manufacturer instructions with 30 cycles and 1-2 ng of DNA template. Some testing was also performed with the NIST 20plex and 11plex assays as previously described (6) .
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Detection and Analysis of PCR Products
Separation and detection of Y-STR PCR products were accomplished with either the ABI Prism R 310 or the ABI Prism R 3100 Genetic Analyzer 16-capillary array system (Applied Biosystems) following manufacturer's protocols as previously described (6) . Following data collection, samples were analyzed with Genescan R 3.7 (Applied Biosystems) and allele designations were made in Genotyper 3.7 (Applied Biosystems).
Results and Discussion
Duplications at Multiple Loci within the Same Sample
As part of a review of data collected from approximately 650 U.S. population samples (6), we observed several samples with duplications at multiple Y-STR loci. Some of these samples were subsequently retested with the PowerPlex Y kit to verify the presence of multiple alleles at the various Y-STR loci. Figure 1 shows the Genotyper results from one of these samples where multiple Y-STR alleles were observed at more than one locus. Note that two alleles are often observed with the DYS385 locus since two copies are commonly found on the Y-chromosome (4). Since the DYS389I, DYS439, DY389II, and DYS437 allele signals are practically equal within each locus, at first glance this observation might suggest the presence of two male components of similar concentrations. However, this particular sample, which was part of a previous study with autosomal STRs (7), when retested with 15 autosomal STR loci, was found to possess well balanced heterozygous alleles at 13 loci and was homozygous at only TPOX and D5S818 (data not shown). Due to the lack of more than two alleles at any one autosomal STR locus when this many polymorphic STRs were examined, it is extremely unlikely that a well-balanced mixture of two different males is present in this particular sample.
Since the loci DYS389I, DYS439, DYS389II, and DYS437 are typically considered single copy markers and therefore should only exhibit a single peak when amplified from a single male contributor, we decided to investigate this phenomenon of Y-STR marker duplication a little further and consider its potential impact on detection of male-male mixtures with Y-STR testing.
Literature Review of Reported Y-STR Duplications
In order to better understand the Y-STR loci previously observed to exhibit duplication, we reviewed almost 200 publications containing Y-STR haplotype population information. The papers examined are part of the comprehensive STR reference list found at http://www.cstl.nist.gov/biotech/strbase/str ref.htm. Many of these population studies have been entered into the Y-STR Haplotype Reference Database (YHRD; http://www.yhrd.org; formerly http://www.ystr.org). Table 1 contains a summary of duplications or triplications reported in the literature organized by Y-STR locus. Literature references containing information that is now part of YHRD were not placed into Table 1 to avoid representing the same data twice. New information found as part of this study is also included in Table 1 .
It is likely that the information in Table 1 is an underestimate of true occurrences for Y-STR duplications because a duplicated locus could have alleles of the same size and laboratories may not note that a particular allele is twice the height it would normally be as a "single copy" marker. Additionally, laboratories may not mention duplications or leave them out of data sets in population studies (8) possibly because they suspect "contamination" or do not want to analyze these variant alleles in the same context as regular samples (9).
Triplications
A sample containing a DYS19 tri-allelic pattern (6) due to triplication of the DYS19 locus was amplified with the PowerPlex Y kit (Figure 2 ). It is interesting to note that Santos et al. (10) observed this same DYS19 type although unfortunately they did not report any further loci that could have enabled a full haplotype comparison. Notice that the three alleles for DYS19 are all similar in peak height and that allele peak heights from other loci are all similar suggesting that each allele observed is present one time on the Y-chromosome. Although triplications are more rare, they have been observed previously in DYS19 (10) and DYS385 (11,12; Table 1 ). Triplications at DYS385 can arise through a duplication of one of the already duplicated DYS385 alleles or a duplication of the entire Y-chromosome region containing both the "a" and "b" alleles. Often the sum of two alleles is equal to the other allele with DYS385 triplications (13) .
A Model for Y-STR Locus Duplication and Divergence
An analysis of the finished sequence of the euchromatic region of the Y-chromosome noted that much of the Y-chromosome sequence occurs more than once and often in palindromic patterns (14, 15) . Since few genes seem to be present on the Y-chromosome, less constraint exists to maintain a particular sequence context and therefore insertion polymorphisms of large regions of the Y-chromosome are possible. With no recombination between other chromosomes, the Y-chromosome is likely to accumulate these insertion events leading to multiple copies and hence primer binding sites for loci that were originally single-copy markers. An example of this phenomenon was recently reported for the flanking regions of DYS19 (16) . Upon PCR amplification, two copies of the locus would be amplified instead of one if two primer-binding sites exist along the Y-chromosome. Duplications can also complicate Y-chromosome single nucleotide polymorphism (Y-SNP) interpretations with loci such as P25 and 92R7 (17,18) making possible mixture interpretation with these loci that occur multiple times on the Y-chromosome more challenging. Figure 3 illustrates how this Y-STR marker duplication might occur giving rise to first a duplicated region (a ) somewhere else on the Y-chromosome, which could then independently mutate over time at a rate of approximately 10 −3 changes per generation in a single step fashion (19) to produce an allele "b" that would most likely be divergent from the original by a single repeat unit. 
FIG. 3-Schematic of duplication and divergence processes that can give rise to multiple alleles on the Y-chromosome when Y-STR locus-specific primers are used. Section (a) is first duplicated to form section (a ), which then may acquire a mutation at a specific Y-STR locus over time through the gain or loss of a repeat unit to form an allele that is now designated (b). Note that most observable multiple alleles should be a single repeat unit apart because single step mutations are most common for STR markers.
Entire sections of the Y-chromosome spanning hundreds of kilobases (kb) could potentially be duplicated along the Y-chromosome (14, 15) . Thus, Y-STR markers that are close to one another physically along the Y-chromosome may be duplicated and exhibit divergent locus-specific alleles in the same DNA sample. Notably samples possessing specific duplications, such as DYS19 alleles 15 and 16, may all belong to the same haplogroup (8). Table 2 contains a summary of Y-STR marker positions for the most commonly used loci to-date. Note that DYS437, DYS439, and DYS389I/II, which are duplicated in the sample displayed in Figure 1 , all occur within 150 kb of one another and therefore more likely to be duplicated together. This AZFa region of the Y-chromosome was also noted by Bosch and Jobling (29) to be duplicated in some individuals.
An Example Male-Male Mixture
In order to see if the Y-STR locus duplication observed with Fig. 1 could be differentiated from a true male-male mixture, a sample Fig. 1 (DYS437, DYS439, DYS389I, DYS389II containing two different males was tested with the PowerPlex Y kit. This particular mixture was well studied previously as "sample X" in NIST Mixed Stain Study #3 as it contains an excess of female DNA with two male DNA components (20) . Individual components with autosomal STR allele calls can be challenging to decipher when DNA from more than one contributor is present in the sample (21) . As noted by Prinz (2), determination of the number of semen contributors in a sexual assault is normally much simpler with Y-STRs because the female DNA component is not detected. Figure 4 shows that in this particular 2-male mixture most of the single copy Y-STR loci have more than one peak and the highly polymorphic locus DYS385 contains four peaks rather than the typical two. In addition, the peak height/area for DYS392 is approximately twice that of the other Y-STR peaks in same dye color suggesting that two copies of allele 11 are present-one from each male contributor. Also notice that in this particular mixture the DYS439 locus possesses alleles 10 and 13, which are three repeats apart. Likewise DYS437 contains alleles 14 and 16, which are two repeat units apart.
In this example, where the apparent ratio of peak heights/areas between the contributors is close to 1:1, it is not possible to confidently assign alleles to the "major" and "minor" male contributors. (It is important to note that most mixtures encountered in casework will probably not be 1:1). Instead of assigning alleles to specific contributors to form Y-STR haplotypes that could be searched against a reference database, it is more likely that a suspect would be either included or excluded from matching the evidentiary mixture profile in a case such as illustrated in Fig. 4 . An assignment of alleles to a particular contributor to form a composite Y-STR haplotype would most likely be easier with an imbalanced mixture (e.g., 3:1 instead of 1:1).
Deciphering between a Mixture or a Locus Duplication
To help in differentiating possible locus duplication from a potential mixture of two male contributors when performing a Y-STR test, a few ad hoc rules are presented here. First, note the number of loci possessing multiple alleles. The greater the number of loci having more than one allele, besides the DYS385a/b system, the more likely it is that a mixture of multiple males is present in the sample. Second, if more than one locus has multiple alleles, determine if these loci are located near one another on the Y-chromosome using relative Y-STR position information such as found in Table 2 . If the putative duplicated loci are close to one another (e.g., <1 Mb), then the entire section of the Y-chromosome may have been duplicated at some time in the past and now possess divergent alleles. The further the putative duplicated loci are apart on the Y-chromosome (e.g., DYS19 and DYS438 which are on different arms of the Ychromosome), the more likely a sample containing multiple alleles at multiple loci is a mixture. Third, examine the repeat unit spread in the multiple alleles amplified with locus-specific primers to see if any loci possess alleles with greater than a single repeat unit difference. Duplications will usually have a single repeat unit spread with alleles exhibiting similar PCR product yields ( Fig. 1; e.g., DYS437 alleles 14 and 15) while mixtures will likely have one or more loci with a greater than one repeat unit spread (Fig. 4; e.g., DYS437 alleles 14 and 16). A review of the allele spreads for the duplicated loci observed in Table 1 finds that most of the alleles are separated by a single repeat unit. Finally, examine DYS385 and see if this highly polymorphic locus possesses more than two alleles. If it does and the other criteria match that of a mixture, then a mixture is more likely than a simple locus duplication.
Of course, if an evidentiary sample contains a single source sample that exhibits duplication, then the true perpetrator should also display this same duplication. Therefore, duplication events such as described in this report should not be cause for concern in forensic investigations when using Y-STR assays. The purpose of this report is to illustrate that multiple duplications are possible in the same single-source sample and thus analysts should not draw premature conclusions regarding the number of contributors when more than one equal intensity allele is observed at a "single copy" locus.
Locus duplication along the Y-chromosome is in many ways analogous to heteroplasmy in mitochondrial DNA (22) , which depending on the circumstances can provide greater strength to a match between two samples. The phenomenon of locus duplication should not prevent the reliable interpretation of mixtures although it may complicate the explanation of results in court. The male-specific Y-chromosome is a useful tool to aid human identity applications even though it can be more complex than perhaps previously perceived. 
